Dietary fat composition can interfere in the development of obesity due to the specific roles of some fatty acids that have different metabolic activities, which can alter both fat oxidation and deposition rates, resulting in changes in body weight and/or composition. High-fat diets in general are associated with hyperphagia, but the type of dietary fat seems to be more important since saturated fats are linked to a positive fat balance and omental adipose tissue accumulation when compared to other types of fat, while polyunsaturated fats, omega-3 and omega-6, seem to increase energy expenditure and decrease energy intake by specific mechanisms involving hormone-sensitive lipase, activation of peroxisome proliferator-activated receptor α (PPARα) and others. Saturated fat intake can also impair insulin sensitivity compared to omega-3 fat, which has the opposite effect due to alterations in cell membranes. Obesity is also associated with impaired mitochondrial function. Fat excess favors the production of malonyl-CoA, which reduces GLUT4 efficiency. The tricarboxylic acid cycle and beta-oxidation are temporarily uncoupled, forming metabolite byproducts that augment reactive oxygen species production. Exercise can restore mitochondrial function and insulin sensitivity, which may be crucial for a better prognosis in treating or preventing obesity.
Introduction
Ever since health complications caused by obesity were demonstrated, many studies have been conducted in order to identify the main factors that contribute to its development. The role of genetics in the etiology of obesity has also been extensively investigated.
The identification and sequence of the ob gene, which encodes the peptide leptin, and the finding that a lack of this gene seems to be the main cause of obesity in ob/ob rats (1) have raised interest in obesity genetics. However, the rapid increase in obesity prevalence during the last 20 years cannot be justified by genetic alterations that, theoretically, could not have occurred within such a short period of time (2) . Thus, some investigators emphasize that the difference in the prevalence of obesity in some population groups is related to environmental factors, especially diet and reduction of physical activity (3) . These aspects, interacting or not with genetic factors, could explain at least in part the excess body fat observed in large proportions worldwide.
High-fat diets are known to lead to a positive fat balance and consequently to adipose mass accumulation (4, 5) ;
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also, these diets do not seem to stimulate fat oxidation rate in the same way in obese and lean subjects (6) . In addition, the type of dietary fat also seems to be a determinant in body fat increase. For example, diets rich in saturated lipids can increase body fat stores to a greater extent when compared to omega-6-and omega-3-rich diets (7) . On the other hand, aerobic exercise training improves body composition, aerobic fitness, leptinemia, intramuscular lipid accumulation, and insulin sensitivity in obese individuals (8) . However, few studies relate the possible interactions of different types of dietary fat and exercise. The objective of this review is to connect the interactions of dietary fat, different fatty acids and exercise to metabolic parameters normally impaired in obesity.
The role of high-fat diets in obesity
An excess of body fat tissue may be related not only to energy intake and energy expenditure in humans, as stated by Flatt (4) and others (9) , but also to the type of diet, especially high-fat diets (HFD), which may lead to various metabolic alterations such as hyperphagia in humans (6), reduced lipolytic activity in fat tissue, reduction in leptin secretion and/or sensitivity, hypothalamic neuron apoptosis (10), impairment of mitochondrial metabolism (11), insulin resistance, and obesity (12) .
The balance of each nutrient seems to involve a rigorous control to adjust its intake to its oxidation. An increase in carbohydrate and/or protein consumption is accompanied by increased oxidation rates of both nutrients (13) . On the other hand, the balance between fat consumption and oxidation rates is not so tightly regulated (13) and depends on the type of fatty acids (7) . More details about fatty acids (FA) and fat metabolism are explored below.
Dietary fatty acids and body composition
Although obesity is associated with HFD, studies have indicated a possible "anti-obesity" effect attributed to polyunsaturated fatty acids (PUFA), particularly to omega-3 docosahexaenoic acid (DHA, C22:6, n-3) and eicosapentaenoic acid (EPA, C20:5, n-3). This may be due to their greater oxidative rates when compared to saturated fatty acids (SFA) (14) . Several investigators have shown that FA oxidation increases directly with a concomitant increase in PUFA/SFA intake (15) .
Rats submitted to a high saturated fat (HSF) diet for 7 weeks (58% total caloric intake) developed greater adiposity when compared to a high-omega 3 diet. Surprisingly, the omega 3 group also showed a significant decrease in adiposity when compared to the control low-fat diet -10% of total energy intake (7). This indicates that the composition of fat in the diet is more important than the amount of fat.
Animal studies have pointed out that, after intestinal absorption, monounsaturated fatty acids (MUFA) and PUFA produced a higher thermogenic effect (16) and higher oxygen consumption (17) when compared to SFA. However, when PUFA were added to a high-MUFA diet (high PUFA/SFA ratio) for 8 weeks, the expression and activity of hormone-sensitive lipase (HSL) was up-regulated and adipose tissue peroxisome proliferator-activated gamma (PPARγ) was reduced when compared to a high-MUFA diet, which significantly elevated de novo hepatic lipogenesis (18) . Studies comparing the effects of safflower oil (omega 6 FA) versus beef tallow (SFA) in rats reported that the latter group had a higher fat content in the carcass, decreased sympathetic activity and a lower thermogenic effect (19) .
In a recent investigation, Oosterveer et al. (20) studied C57Bl/6J mice fed regular chow, a high-fat or an n-3 PUFAenriched high-fat diet using an approach based on mass isotopomer distribution analysis (MIDA) following 1-(13) C acetate infusion in order to determine de novo lipogenesis, fatty acid elongation and cholesterol synthesis. The HFD led to increased hepatic elongation of unlabeled palmitate rather than elongation of de novo synthesized palmitate, and the partial replacement of saturated fat with fish oil completely reversed the lipogenic effects of the HFD, therefore preventing diet-induced hepatic steatosis.
Increased omega-3 PUFA (DHA and EPA) consumption by Wistar rats resulted in reduced visceral adipose tissue content when compared to a group fed higher amounts of SFA (21) . The possible mechanisms involved in the increased adiposity due to SFA consumption are listed below:
Altered affinities of β-adrenergic receptors in brown adipose tissue in heart and soleus muscle (22) ; lower activity of hormone-sensitive lipase (23); a reduction of sympathetic activity in brown adipose tissue, heart and skeletal muscle (16) ; lower activity of carnitine-palmitoyl transferase complex (CPT-1) and consequently β-oxidation in brown adipose tissue (24) ; increased expression of transcriptional factors such as PPARγ and genes involved in adipogenesis (12) .
While SFA play a negative role in body composition, unsaturated fatty acids seem to have the opposite effect through the following mechanisms: decreased energy intake and/or increased energy expenditure through the activation of mitochondrial uncoupling proteins (19) (18); PPARs are transcriptional factors of the nuclear receptors family, with a key role in controlling lipid metabolism, adipocyte differentiation and lipid storage. There are two important classes of PPARs: PPARα and PPARγ. PPARα activation is involved in hepatic metabolism, FA oxidation in skeletal muscle (27) , and in lipoprotein metabolism by improving the concentration of triacylglycerols (TAGs), high-density lipoprotein cholesterol (HDL-C) and the atherogenic lipid profile, while modulating inflammation and insulin resistance (28) . PPARγ is involved in the proliferation and differentiation of adipocytes, promoting the apoptosis of old and big adipocytes (generally with low insulin sensitivity and high lipolytic rates) and the differentiation of new adipocytes (28) . It is up-regulated by SFA, which could lead to increased adiposity. This result was demonstrated in an experiment conducted by Yeop et al. (29) . These investigators also analyzed some inflammatory factors such as nuclear factor-kB and monocyte chemotactic protein-1 and observed that SFA increased their expression while a PUFA diet (EPA and DHA) repressed them. PUFA, especially EPA and DHA, act as activators of PPARα (30) in liver and skeletal muscle, an action that could lead to body weight reduction and hypoglycemic effects, respectively (31).
Dietary fatty acid and lipid metabolism
While elevated plasma HDL-C levels have been associated with a reduction in cardiovascular risk, dietary fish oils rich in omega-3 PUFA may counteract their effect. Morgado et al. (32) studied the effects of different types of fat on lipid metabolism. Male rats were fed a semi-synthetic diet containing fish oil (omega-3), sunflower oil (omega-6), olive oil (omega-9, or coconut oil (saturated medium chain triglycerides). Compared to the other diets, omega-3 PUFAs significantly changed the omega-3/omega-6 fatty acid ratio of the hepatic membranes, caused a reduction of plasma total and HDL-C, and selectively increased biliary cholesterol secretion.
Similar results were also obtained by Rokling-Andersen et al. (21) who demonstrated that a diet rich in omega-3 PUFA (DHA and EPA) reduced triglycerides, phospholipids and cholesterol when compared to an SFA group. A review study conducted by Siri-Tarino et al. (25) reported that the replacement of SFA with PUFA or MUFA reduces both low-density lipoprotein cholesterol (LDL-C) and HDL-C.
Montoya et al. (33) studied the effects of different fatty acids on lipid metabolism in men and women. They offered four different types of diets containing 35% fat: saturated diet (palm oil), monounsaturated fat (olive oil), n-6 polyunsaturated fat diet (sunflower oil), and an n-3 polyunsaturated fat diet (sunflower oil supplemented with fish oil). The monounsaturated and polyunsaturated fat diets resulted in a better lipid profile.
Binkoski et al. (34) conducted a 4-week crossover study on men and women with moderate hypercholesterolemia to evaluate the effects of a PUFA diet on lipid and lipoprotein levels and oxidative stress. The PUFA diet decreased both total cholesterol and LDL-C levels compared to the average American diet and the olive oil diet. Total cholesterol decreased by 4.7% and LDL-C decreased by 5.8% with the NuSun sunflower oil diet vs the average American diet. PUFA appeared to account for the greater reduction of total and LDL-C and of lag time for LDL oxidation obtained with the NuSun sunflower oil diet. The authors suggested that since PUFAs are important for cholesterol lowering, foods that replace saturated fatty acids should include a balance of unsaturated fatty acids.
Fatty acid intake and insulin sensitivity
Different types of fatty acids may lead to altered insulin sensitivity. Animal studies have indicated that insulin sensitivity is impaired by SFA intake and is improved by omega-3 FA (25) . A possible mechanism may be the reduction of adiponectin secretion, which leads to impaired insulin signaling pathways and prevention of adipose tissue inflammation, respectively (35) .
When comparing SFA and MUFA diets in insulin-resistant individuals, Paniagua et al. (36) found that a MUFA diet improved insulin resistance (HOMA index) and fasting proinsulin levels. Furthermore, an olive oil-based meal decreased postprandial glucose and insulin concentrations and increased HDL-C and GLP-1 concentrations compared to a carbohydrate-rich diet. In a study conducted by Jenkins et al. (37) the effect of MUFA content was determined in 24 patients with hyperlipidemia. The patients were divided into two groups, high and low MUFA, and after one month it was observed that the high MUFA diet increased HDL-C by 12%. This is very interesting since some PUFA studies have shown that PUFA-rich diets may decrease HDL-C.
It is known that the composition of FA intake could influence the characteristics of cell membranes and their FA components. Changes in the FA composition of the sarcolemma could modify membrane fluidity and stiffness (38) . Because of the complexity of the cell membrane, the efficiency of the signal transduction is strongly dependent on the 
Influence of dietary fat composition on the development of insulin resistance in both humans and rats
According to Unger and Scherer (40) , insulin resistance in humans can be linked to a gluttonous and slothful lifestyle and can be viewed more as a consequence than as a cause of lipid deposition in a caloric surplus. Thus, calories in excess can lead to hyperinsulinemia, which augments sterol regulatory element-binding protein-1c (SREBP-1c) expression in beta cells, resulting in increased lipogenesis and obesity. This effect can be noticed early in life, since during pregnancy maternal obesity, maternal diabetes and increase in nutrients supply for the fetus can increase the risk of obesity in postnatal life (41) .
Some but not all dietary fats lead to insulin resistance in rats. Studies on animals and humans have shown that membranes composed mainly of SFA are associated with insulin resistance, whereas membranes with a major part of unsaturated fatty acid have a protective role (42) . In a study on healthy individuals, insulinemia was higher in those submitted to SFA-rich diets compared to PUFA-rich diets (43) . However, Storlien et al. (44) showed that diets high in saturated, monounsaturated (omega-9), or polyunsaturated (omega-6) FA led to severe insulin resistance when compared to a control group and that omega-3 was able to completely prevent the insulin resistance induced by a saturated-fat diet.
The same authors (45), years later, reported that saturated and trans-unsaturated fatty acids significantly increase insulin resistance, whereas polyunsaturated n-3 fatty acids improve it. They suggested that one possible mechanism is an inefficient molecular signal transduction on the cell membranes induced by dietary fatty acid. In fact, obese patients or patients with type 2 diabetes mellitus display a different FA composition of serum lipids compared to lean subjects, with a higher proportion of the saturated fat palmitate and lower concentrations of linoleic acid, an omega-6 FA (39), which may lead to large amounts of these FA on the cell membrane.
Regarding glucose transporters, high-fat diets decrease gene expression of glucose transporters (GLUT1 and GLUT4) in adipose and muscle tissues. This reduction is attenuated when the FA composition of the diet is changed to a high n-3-PUFA content (46) .
PUFA, mainly EPA and DHA, provide an increase in membrane fluidity, number of insulin receptors and also improve insulin action (47) . Studies have revealed that individuals submitted to PUFA-rich diets presented fewer alterations of glucose metabolism and lower rates of type 2 diabetes mellitus (48) However, when the fat content was mainly SFA a diminished glucose tolerance was observed (49) .
Role of exercise in improving weight loss, mitochondrial function and insulin sensitivity in obese subjects
Although the fat tissue mass seems to be well controlled by an unconscious and powerful biological system (e.g., weight gain leads to a greater desire to eat), body weight can be reduced by a lower food intake associated with a higher energy expenditure, at least in a motivated individual (50) .
Aerobic exercise has been used in weight loss programs for a long time. A study conducted in 1998 by Sial et al. (51) evaluated the role of aerobic physical activity in fat oxidation in sedentary obese individuals submitted to a 16-week exercise program. Before starting the program, fat oxidation was measured in the first minute of exercise and the value obtained was reduced by 50% after 4 months of exercise. However, fat oxidation after the first 10 min of exercise was doubled in the exercised group compared to the sedentary individuals, and was higher until the end of exercise (60 min).
Aerobic exercise and its muscle adaptations in obese subjects are not only important for weight loss but also for preventing weight regain. The 2009 ACSM position (52) recommends 250 to 300 min/exercise per week (mostly aerobic). In a longitudinal study, Jakicic et al. (53) observed that obese women who performed less than 150 min/week of aerobic exercise for 6 months lost 50% less weight than their counterparts who exercised more than 250 min/week (6.5 x 13 kg, respectively). After 6 additional months of physical training, the group submitted to 150 min/week gained weight while the other group who exercised for 250 min/week kept losing weight. In this case, regular and long-lasting exercise probably drastically reduces the hunger pain and desire to eat in these individuals after a calorie-restricted weight loss due to profound effects on energy balance, fuel utilization, lipid accretion, and peripheral homeostatic signals (54) .
It is known that increased mitochondrial capacity in endurance-trained athletes augments intramyocellular lipids and also fat oxidation capacity, which could reduce accumulation of byproduct metabolites associated with insulin resistance (55) . Boss et al. (56) studied the effects of n-3 and n-9 unsaturated fatty acids and exercise on 16 male subjects in an
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attempt to improve exercise performance, insulin sensitivity and fat oxidation. They used an isoenergetic diet enriched with fish and olive oils containing 34% fat (12% SFA, 12% MUFA, 5% PUFA) and an exercise protocol consisting of a 10-day gradual endurance training protocol (80% VO 2 max). Training significantly increased time to exhaustion and improved insulin sensitivity. Those effects, however, were of similar magnitude in the unsaturated fat group and in controls. However, fat oxidation tended to increase in the unsaturated fat group, but not in controls. Aerobic exercise increases the formation of free radicals and several studies have shown higher production of thiobarbituric acid-reactive substances, which indicates increased lipid peroxidation (57) . Oxidizability of lipids varies linearly with the extent of their unsaturation. Mataix et al. (57) studied the ability of diet and exercise to prevent free radical-mediated damages in lipid peroxidation. They reported that sedentary animals fed a high-MUFA diet showed a higher protection of their mitochondrial membranes against lipid peroxidation than animals fed PUFA. Trained rats showed higher hydroperoxide contents than sedentary animals, and exhaustive effort enhanced the aforementioned results as well as in vitro peroxidation with a free radical inducer.
According to Rogge (58) , in obese subjects, mitochondrial functions may be impaired as a result of an improper cellular energy production. This is shown by various metabolic anomalies such as reduced fat oxidation and higher reliance on carbohydrate (glucose) for ATP synthesis, ectopic accumulation of fat in muscles, liver, etc., and low basal ATP concentration.
The excess of fat in the cell reduces tricarboxylic acid (TCA) cycle activity and fat oxidation and augments fatty acid synthesis ( Figure 1 ) forming fatty acyl-CoA and malonyl-CoA. Malonyl-CoA inhibits fat transport to the mitochondria (mitochondria overload) and the lack of citrate reduces TCA cycle activity. In the cytosol, beta-oxidation flux becomes higher than TCA cycle activity, leading to byproduct accumulation (reactive oxygen species and Ser kinases) that impairs GLUT4 glucose transporter. This action also occurs due to excess fatty acyl-CoA (59). Exercise and a specific fatty acids supply (EPA and DHA) can reverse this process, reestablishing the coordination between TCA cycle and beta-oxidation, coupling ligand-induced PPAR activity and the metabolic pathways of peroxisome proliferator-activated receptor γ-coactivator-1α ( Figure 1 ).
Conclusion
High-fat diets could lead to changes in adipose tissue deposition (adiposity), in mitochondrial functions and in insulin sensitivity. These alterations seem to be very important in the etiology of obesity. Also, it is important to consider the positive effects of exercise on adipose tissue metabolism and to understand the mechanisms by which this tissue affects the kinetics of other macromolecules. Exercise and the consumption of higher amounts of unsaturated fats (MUFA and PUFA) are of primordial importance in the treatment of obesity. Perhaps these two aspects represent the link between genotypic and phenotypic factors leading to this disease. Relationship between exercise, fat and impaired fat metabolism. During conditions of overnutrition there is an increase in fatty acid influx and activation of target genes (mediated by peroxisome proliferator-activated receptor, PPAR), which promote oxidation without an increase in the tricarboxylic acid (TCA) cycle flux. Incomplete fat oxidation results in metabolic byproducts such as acylcarnitines and reactive oxygen species (ROS), which accumulate in the mitochondria. This might activate Ser kinases that impair insulin signaling and GLUT4 (glucose transporter 4) translocation. Impaired mitochondrial energy production, a condition associated with obesity and impaired glucose tolerance, is a situation in which mitochondrial β-oxidation is decreased in skeletal muscle cells. The activity of carnitine palmitoyltransferase 1 (CPT-1) is inhibited, leading to the accumulation of fatty acyl-CoA within the cytosol. Unmetabolized fatty acyl-CoA (FA-CoA) is then converted to malonyl-CoA and directed to the synthesis of fatty acids, which can accumulate within the cell or be transported to other tissues as triglycerides. Exercise alleviates lipid stress by increasing TCA cycle flux and by coupling ligand-induced PPAR activity with PGC1-mediated remodeling of downstream metabolic pathways, leading to enhanced mitochondrial performance in restoring insulin sensitivity. PGC1 = peroxisome proliferator-activated receptor gamma coactivator; RXR = retinoid X receptor; DAG = diacyglycerol; TAG = triacylglycerol; TF = transcription factor; FA = fatty acids. Modified from Rogge (58), Kraegen et al. (59) , and Muoio and Newgard (60) .
